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true differences in the frequency of alternative strategies between the sexes or is simply an 48 artifact is unknown 11 . As trade-offs and selection regimes are often sex specific, the lack of 49 female insights severely limits our understanding of the mechanisms, maintenance, evolution, 50 and co-evolution of alternative strategies in general 11 . Yet despite calls for further investigation 51 11 , a well documented mechanism for a female limited ALHS has yet to be identified. Here we 52 identify one such mechanism in the butterfly Colias crocea (Pieridae). 53 54 Approximately a third of the nearly 90 species within the butterfly genus Colias exhibit a female-55 limited ALHS known as Alba 12 . The switch between strategies is controlled by a single, 56 autosomal locus that causes Alba females to reallocate guanosine triphosphate (GTP), 57 amounting to several percent of their nitrogen budget, from the synthesis of pteridine pigments 58 to other areas of development 1 . Consequently, Alba females have white wings, while non-Alba 59 females are orange/yellow (Fig. 1A) . As a result of this trade-off, Alba females gain fitness 60 advantages over orange females due to faster pupal development, a larger fat body, and 61 significantly more mature eggs at eclosion 2 . Despite these developmental advantages and the 62 dominance of the Alba allele, females remains polymorphic due to tradeoffs in abiotic and biotic 63 factors 2,13-15 . For example, Alba's development rate advantage is higher only in cold 64 temperatures, also as a result of density-dependent, interference competition with other white 65
Pierid species and sexual selection, males preferentially mate with orange females 2,3,13,14 . The 66 mating bias likely has significant fitness costs for Alba because males transfer essential 67 nutrients during mating and multiply mated females have more offspring over their lifetime 4, 16 . 68
Field studies confirm Alba frequency and fitness increases in species that inhabit cold and 69 nutrient poor habitats, where the occurrence of other white Pierid butterflies is low, while in 70 warm environments with nutrient rich host plants and a high co-occurrence with other white 71 species, orange females exhibit increased fitness and frequency 3, 14 . 72 73 Using a de novo reference genome for C. crocea that we generated via Illumina and PacBio 74 sequencing (Extended Data Table 1), and three rounds of bulk segregant analyses (BSA) using 75 whole genome sequencing of a female and two male informative crosses for Alba, we mapped 76 the Alba locus to a ~3.7 Mbp region (Extended Data Fig.1, & Supplementary Information) . Then, 77 with whole genome re-sequencing data from 15 Alba and 15 orange females from diverse 78 population backgrounds, a SNP association study was able to fine map the Alba locus to a 79 single ~430 kb contig that fell within the ~3.7 Mbp BSA locus ( Fig. 1B) Fig.4 ). 88
89
The Alba specific TE insertion was located ~30 kb upstream of a DEAD-box helicase, and ~6kb 90 downstream of BarH-1, a homeobox transcription factor (Fig. 1C ). BarH-1 was an intriguing find 91 as its knockout in Drosophila melanogaster causes a dramatic decrease in pigment granules 92 within the eye, changing eye color from red (wild type) to white 17 . To validate the functional role 93 of BarH-1 in the Alba phenotype we generated CRISPR/Cas9-mediated deletions of exons 1 94 and 2 in a mosaic knockout approach (Extended Data Fig.5 
& Supplementary Information). 95
BarH-1 deletions gave rise to a mosaic lack of pigmentation in the eyes of males and females of 96 both morphs, consistent with BarH-1's expected role in insect eye development ( Fig. 1D ). 97
Additionally, on the dorsal side of the wings, females with an Alba genotype exhibited a 98 white/orange color mosaic, while males and orange females displayed no wing KO phenotypes, 99 despite those individuals exhibiting mosaic phenotypes in the eye. (Fig. 1E) . 100
101
To further investigate the role of BarH-1 in developing wing scales, we used in situ hybridization 102 of BarH-1 on wings from 2 day old pupae of orange and Alba females of C. crocea, as well as 103
Vanessa cardui. The BarH-1 protein is highly expressed in the scale building cells of both 104 species ( Fig. 2 ), suggesting a previously undescribed role of BarH-1 in the developing wing 105 scales of butterflies. Comparison between orange and Alba females of C. crocea further 106 documents Alba as a gain of BarH-1 function, as scale building cells in the developing wing 107
show a BarH-1 expression pattern that is Alba limited (Fig. 2) . 108
109
In butterflies both pigments and scale morphology can affect wing color 18 and while Alba 110 females exhibit large reductions in colored pteridine pigments compared to orange 1 , whether 111 morphs differed in wing scale morphology was unknown. Using scanning electron microscopy 112 we found Alba scales exhibited significantly less pigment granules, the structures that store 113 pteridine pigments in Pierid butterflies 19 , compared to orange (t 5.97 = 2.93, p = 0.03), suggesting 114 reduced granule formation as the basis of the Alba color change ( We next tested whether the physiological tradeoffs of Alba reported for New World species 1,2 , 127 which were discussed in the introduction, were also seen in C. crocea, an Old World species, as 128 shared tradeoffs would suggest the Alba mechanism is conserved genus wide. To compare 129 abdominal lipid stores between morphs, we conducted high performance thin layer 130 chromatography on 2 day old adult females reared under two temperature treatments (Hot: 131 27 o C vs. Cold: 15 o C during pupal development). We found Alba females had larger abdominal 132 lipid stores than orange in both temperature treatments, though the difference was only 133 significant in the cold treatment (cold: n=32, t 29.12 = 3.42, P = 0.002, hot: n=25, t 22.71 = 0.67, P = 134 0.51) ( Fig. 4A ), consistent with the known effects of temperature on Alba fitness in New World 135
Colias species 2 . 136
137
We then conducted RNASeq on pupal wing and abdomen tissue, at the time of pteridine 138 synthesis (i.e. when allocation tradeoffs are realized) to identify genes that exhibited differential 139 expression between morphs ( Fig. 4B ,C, Supplementary Information). We found that vitellogenin 140 1, which encodes an egg yolk precursor protein synthesized in the fat bodies of insects 21 
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For detailed methods, including all bioinformatic commands, please see the supplementary 283 information. 284
Data availability: SRA reference numbers for the genome and sequencing data will be included 285 upon acceptance. 286
Genome assembly: An orange female and male carrying Alba (offspring from wild caught 287 butterflies, Catalonia, Spain) were mated in the lab. DNA from an Alba female offspring of this 288 cross was extracted. Quality and quantity were assessed using a Nanodrop 8000 289 spectrophotometer (Thermo Scientific) and a Qubit 2.0 fluorometer (dsDNA BR, Invitrogen (view -f 3 -q 20), sort and index the bam files and generate mpileup files for the two pools and 313 the orange mother. Popoolation2 37 were used to calculate the allele frequency difference 314 between Alba and orange pools. SNP sites were filtered in R 38 , for a read depth ≥ 30 and ≤ 315 300, a bi-allelic state, and a minimum minor allele frequency of 3. The orange mother mpileup 316 was similarly analyzed using Popoolation 39 (read depth ≥ 5 and ≤ 30); but the major and minor 317 allele frequencies were calculated in R 38 by dividing the major and minor allele count by the 318 read depth at each site respectively. A SNP site was considered a MIC I Alba SNP when it met 319 the following expectations: 1) homozygous in the orange mother, 2) homozygous in the orange 320 pool, 3) the allele frequency difference in the Alba pool compared to the orange was 0. assessed via Nanodrop and gel electrophoresis. DNA was diluted to ~0.5ng/ul and then the 399 unique double indices were attached by the second round of PCR (same protocol as above). 400
The final PCR products were purified again using Qiaquick spin columns and concentration and 401 size was assessed using Qubit fluorometer and gel electrophoresis. All samples were then 402 mixed at equal molarity and sent for sequencing at Science for Life Laboratories (Stockholm,  403 Sweden). Sequences were aligned to their respective fragments (area surrounding cut site) 404
using SNAP (ver. 1.0beta18) 43 , identical reads were clustered using the collapser utility in 405
Fastx-Toolkit. Sequences containing deletions were extracted and the most abundant 406 sequences containing deletions were selected for confirmation of deletion in the expected 407 region. 408
Electron Microscopy: To quantify pigment granule differences between Alba and orange 409 individuals pieces of the forewing were mounted on aluminum pin stubs (6mm length) with the 410 dorsal side upwards. Samples were coated in gold for 80 seconds using an Agar sputter coater 411
and imaged under 5 kV acceleration voltage, high vacuum, and ETD detection using a scanning 412 electron microscope (Quanta Feg 650, FEI, Hillsboro, Oregon, USA). To quantify pigment 413 granules within the photos we selected images from the same magnification and drew randomly 414 placed three 4 µm 2 squares on the images. We counted the number of pigment granules within 415 each square and took the average, then conducted a two sample t-test in R. To quantify 416 pigment granule differences between KO and wild type regions in our CRISPR KO mosaic 417 individuals, a biopsy hole punch a 2mm in diameter circle was used to cut out one piece mostly 418
containing white scales and one piece with mostly orange scales. These pieces were first 419 photographed using a Leica EZ4HD stereo microscope in order to allow us to confirm the color 420 of each scale once they were covered with gold sputter. Five white and five orange scales were 421 then selected and the granules from a 4µm 2 square were counted from each of those scales 422 and a two sample t-test was then conducted in R. triacylglycerols, cholesterol and cholesterol esters) were identified by comparing their retention 438 times against known standards. Then the peak areas were integrated and the amount of lipid 439 within each class was calculated using the formula: pmol sample = (Area sample / Area standard ) x Color coding, shapes, and axes are the same as above. 
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